Abstract. The uni-axial strain effects in a series of anion radical salts, β'-M e 4 Z [Pd(dmit ) 2 ] 2 , β '-Et 2 Me 2 Z[Pd(dmit) 2 ] 2 (Z=P, As, Sb) and Et 2 Me 2 N[Pd(dmit) 2 ] 2 are described. They are classified into a strongly correlated two-dimensional system. The conduction layer consists of strongly dimerized Pd(dmit) 2 units forming a distorted triangular lattice. The electronic structure can be well described by the dimer model. The half-filled conduction band originates from the HOMO of the Pd(dmit) 2 molecule. At ambient pressure, these salts are Mott-insulators where the frustration plays a crucial role. The electronic state of this system would be governed by the on-site Coulomb energy, the band width, and the degree of frustration, each of which is sensitive to the intra-and inter-dimer interactions. The application of uni-axial pressure induces a variety of physical properties including superconductivity. The choice of the counter cation affects the electronic state under the uni-axial strain.
INTRODUCTION
The metal dithiolene complex Pd(dmit) 2 (dmit=1,3-dithiol-2-thione-4,5-dithiolate; C 3 S 5 2− ) forms conducting 1:2 anion radical salts with tetrahedral counter cations. The Pd(dmit) 2 salts with Me 4 Z + and Et 2 Me 2 Z + ( Z=P, As, Sb) are isostructural and classified into the β'-type [1] . The β-Me 4 N salt has a crystal structure that is very similar to the β'-type crystal structure [2] . In crystals of these salts, the unit cell contains crystallographically equivalent two conduction layers (double layer system). On the other hand, the Et 2 Me 2 N salt is a single layer system where the unit cell contains only one conduction layer [3] . All these Pd(dmit) 2 salts characteristically exhibit the two-dimensional conduction layer where strongly dimerized Pd(dmit) 2 units form a distorted triangular lattice. At ambient pressure, each of them behaves as a Mott-insulator. Temperature dependence of their magnetic susceptibilities was explained by the model of the spin-1/2 Heisenberg triangular antiferromagnet for the first time in molecular systems. Due to the presence of the weak interlayer couplings, most of these salts undergo antiferromagnetic ordering at lower temperatures [4] . A crucial role of the frustration in the Pd(dmit) 2 salts is also suggested by anomalous critical phenomena observed in the µSR experiment [5] .
The Pd(dmit) 2 system is a unique playground of the strong correlation physics. The electronic state of this system would be governed by the on-site Coulomb energy, the band width, and the degree of frustration, each of which is sensitive to the intra-and inter-dimer interactions. The application of hydrostatic pressure induces a variety of physical properties including superconductivity. We have also demonstrated that the uni-axial strain can effectively control the electronic state of the Me 4 As salt, Me 4 As[Pd(dmit) 2 ] 2 [6] .
In the present salts, the closed-shell counter cations form the "spectator" part that does not directly contribute to the formation of the conduction band. The crystal of the molecular conductor, however, is a stage where every man must play a part. In fact, the counter cation plays a crucial role in determining the intermolecular interaction between the Pd(dmit) 2 anions and hence physical (transport and magnetic) properties. We report here the uni-axial strain effect on various Pd(dmit) 2 salts and show that the choice of the counter cation affects the electronic state under the uni-axial strain.
ELECTRONIC STRUCTURE: DIMER MODEL
In the Pd(dmit) 2 system, the conduction band originates from the HOMO (highest occupied molecular orbital) of the Pd(dmit) 2 molecule [7] . This is due to a small energy gap between the HOMO and LUMO (lowest unoccupied molecular orbital) in the Pd(dmit) 2 molecule and the strong dimerization in the crystal. The strong dimerization is accompanied by a level inversion for the anti-bonding HOMO and the bonding LUMO. Within the conduction layer, the Pd(dmit) 2 dimers stack to form the distorted triangular lattice. Since the intra-dimer interaction is strong enough, one can extract the essence by taking each dimer as an effective unit. Table 1 shows intra-and inter-dimer transfer integrals for the double layer system. The two conduction layers (1 and 2) are interrelated to each other by the glide plane, and the dimers stack along the a+b direction in the layer 1 and along the a−b direction in the layer 2, respectively. In the dimer model, two branches of the conduction band associated with Layers 1 and 2 are described as follows; where the C-centered monoclinic cell is reduced to the primitive one as a p = (a+b)/2, b p =b, c p = c. Table 2 shows intra-and inter-dimer transfer integrals for the single layer system (Et 2 Me 2 N salt). In the dimer model, the conduction band is given by E(k) = 2.0[t B cos ka + t r cos k(a + c) + t s cos kc]. In both systems, the inter-dimer transfer integrals t B , t r , and t s determine the dispersion of the energy band, while the effective on-site Coulomb energy on the dimer (U eff ) is approximately proportional to the intra-dimer transfer integral t A in the U → ∞ limit [8] . In the present salts, there is a relation, t A » t B § t s ≥ t r . The band width (W) is determined mainly by two large inter-dimer transfer integrals t B and t s , and the smallest transfer integral t r determines anisotropy of the electronic structure. The conduction band is half-filled and the calculated Fermi surface is cylindrical. Compared with the double layer system, the Et 2 Me 2 N salt has a wider conduction band and more anisotropic electronic structure.
Although the LUMO bands are located near the conduction band, X-ray crystal structure analysis for the Et 2 Me 2 P salt under hydrostatic pressure indicates that the HOMO-LUMO band overlap does not occur and the HOMO band remains the conduction band up to about 14 kbar [9] . 
UNI-AXIAL STRAIN EFFECT
The present Pd(dmit) 2 salts are Mott insulators at ambient pressure. The application of hydrostatic pressure induces various electronic states. These salts can be classified into three types through the resistivity behavior under hydrostatic pressure (Table 1) . Type A salts remain insulating up to about 17 kbar. Type B salts exhibit a metallic state accompanied by superconductivity under pressure. Another non-metallic behavior appears in the higher pressure region. The Et 2 Me 2 N salt belongs to type B. Type C salts also turns metallic under pressure. The superconductivity and the high-pressure non-metallic state, however, are absent [10] . The cation dependence is also observed in the uni-axial strain effect.
E'-TYPE SALTS (DOUBLE LAYER SYSTEM)
Recently, we demonstrated that the Me 4 As salt which belongs to type A turns metallic and shows superconductivity under the uni-axial strain along the crystallographic b axis [6] . On the other hand, small strain around 2 kbar along both the a-and c*-axis directions effectively enhances the nonmetallic behavior. With further increase of the strain, the non-metallic behavior is gradually suppressed, but cannot be removed up to 15 kbar. We have examined the uni-axial strain effect in another type A salt, the Me 4 P salt. Figure 1a shows temperature dependence of resistivity under the baxis strain. In contrast to the case of the Recently, we demonstrated that the Me 4 As salt which belongs to type A turns metallic and shows superconductivity under the uni-axial strain along the crystallographic b axis [6] . On the other hand, small strain around 2 kbar along both the a-and c*-axis directions effectively enhances the non-metallic behavior. With further increase of the strain, the nonmetallic behavior is gradually suppressed, but cannot be removed up to 15 kbar. We have examined the uni-axial strain effect in another type A salt, the Me 4 P salt. Figure 1a shows temperature dependence of resistivity under the b-axis strain. In contrast to the case of the Me 4 As salt, the b-axis strain cannot suppress the low-temperature insulating state up to 15 kbar. Under the a-and c*-axis strains, the Me 4 P salt shows the resistivity behavior similar to that of the Me 4 As salt.
As for the type B salts, the b-axis strain induces the metallic state more effectively than the hydrostatic pressure. The Et 2 Me 2 P salt shows the superconductivity under the hydrostatic pressure (T c = K, at 7.0 kbar) [11] . Under the b-axis strain, the superconductivity appears at 7.8 K and 4 kbar (Fig. 1b) . That is, the b-axis strain leads to higher T c and lower critical pressure. The situation is the same for another type B salt, the Me 4 Sb salt where the resistivity measurement detects the superconductivity at 3 K under the hydrostatic pressure of 10.1 kbar [12] . Under the b-axis strain of 4.5 kbar, the Me 4 Sb salt exhibits the superconductivity at 8.4 K. This is the highest T c in the molecular superconductors based on the metal dithiolene complexes. On the other hand, the a-axis strain effectively enhances the non-metallic behavior in the low pressure region for both salts. The c*-axis strain effect, however, appears slight differently from each other. In the Et 2 Me 2 P salt, the c*-axis strain gradually suppresses the non-metallic behavior and leads to almost temperature-independent resistivity behavior at 15 kbar. And, at the intermediate pressure of 10 kbar, the superconductivity appears at 2.6 K. On the other hand, the low-temperature insulating state remains up to 15 kbar in the Me 4 Sb salt.
The uni-axial strain effect on the type C salts is under investigation.
Et 2 Me 2 N SALT (SINGLE LAYER SYSTEM)
The Et 2 Me 2 N salt with only one conduction layer in the unit cell is suitable for the investigation of the uni-axial strain effect. This salt belongs to type B and is reported to exhibit the superconductivity at 4 K under the hydrostatic pressure of 2.4 kbar. We examined uni-axial strains along various directions (along a, c, a+c, a−c, and b*), and found that only the strain along the a+c direction effectively induces the stable metallic state accompanied by the superconductivity (Fig. 2a) . The a-axis strain enhances the non-metallic behavior as shown in Fig.2b . The other strains gradually suppress the nonmetallic behavior with increasing pressure, but the low-temperature insulating state remains up to 15 kbar. 
ORIGIN OF THE UNI-AXIAL STRAIN EFFECT
We have described that the uni-axial strain induces a variety of electronic states depending on the cation. A significant feature is that there is at least one direction which favors the insulating state in the low-pressure region and there is one direction which favors the metallic state. In this sense, the electronic state of the Pd(dmit) 2 salts exhibits very anisotropic responses to the lattice distortion.
Let us consider the single layer system first. The a-axis strain enhances the non-metallic behavior. This strain would enhance the inter-dimer interaction B which affects the band width (W). At the same time, however, the intra-dimer interaction A would be also enhanced by the a-axis strain. This means an increase of the effective on-site Coulomb energy on the dimer (U eff ). Therefore, the unique resistivity behavior under the a-axis strain can be understood in terms of the competition between U eff and W. On the other hand, the strain along the a+c direction favors the metallic state accompanied by the superconductivity. This strain would enhance the inter-dimer interaction r mainly. This interaction does not heavily affect the band width but determines the degree of frustration. As several theoretical studies indicate, the frustration can reduce the stability of the insulating state by destroying the antiferromagnetic correlation [13] . If this is the case, the frustration plays an important role in the appearance of the metallic state.
We must be careful when we apply the above scenario to the double layer system. Comparison between table 1 and table 2 indicates that the Et 2 Me 2 N salt is similar to the type A salts in the double layer system. In the double layer system, the direction which clearly favors the insulating state is along the a axis. The a-axis strain gives the equivalent effect on each conduction layer. Since normals of the Pd(dmit) 2 molecular planes are at rather small angles (±30 º) to the a axis, the contraction of the a axis enhances mainly the intra-and inter-dimer interactions A and B, which leads to the same situation as the Et 2 Me 2 N salt undergoes. On the other hand, the direction which favors the metallic state is along the b axis which closely associates with the inter-dimer interaction s in both conduction layers. An enhancement of this interaction increases the band width, which suggests that an origin of the metallic state in the double layer system is different from that in the Et 2 Me 2 N salt. It should be noted that the strain which enhances the r interaction in the layer 1 corresponds to the one which enhances the A and B interactions in the layer 2. This would lead to an interesting situation where these two conduction layers are not equivalent, that is, the layer 1 is metallic and the layer 2 is insulating.
In order to obtain a unified picture, we adopt two parameters, U eff / W and t'/t (≤1), where t'=t r and t=t B §t s . The former is the electron correlation parameter and the latter expresses the deviation from the regular triangular lattice. The present Pd(dmit) 2 salts can be mapped by these two parameters [4] . Figure 3 shows examples of the uni-axial strain effect for the Et 2 Me 2 Z (Z=N, P) salts in a very schematic and simplified low-temperature phase diagram [14] . The theoretical studies suggest that the metallic phase is located at the small U eff / W and large t'/t region [13] . The pristine states at ambient pressure are expressed by closed circles. We suppose that the uni-axial strain provides two different routes to the metallic phase. The b-axis strain effect on the Et 2 Me 2 P salt is indicated by an arrow which exhibits that this strain decreases U eff / W and t'/t. On the other hand, the uni-axial strain along the a+c direction for the Et 2 Me 2 N salt mainly increases t'/t. Since the Et 2 Me 2 N salt is characterized by smaller U eff / W and smaller t'/t, we can give a possible picture explaining that the c-axis strain which corresponds to the b-axis strain for the Et 2 Me 2 P salt does not lead the Et 2 Me 2 N salt to the metallic phase (Fig. 3) . Figure 3 is merely a qualitative picture, because we do not have enough data under the uni-axial strain, especially structural and magnetic data. The essential features, however, are considered to be reproduced in Fig. 3 . In conclusion, the electronic state of the Pd(dmit) 2 salts can be controlled by the uni-axial strain and the choice of the counter cation. The key parameters behind this are the electron correlation parameter and the frustration in the distorted triangular lattice, both of which are sensitive to the intra-and interdimer interactions. 
